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Abstract 
Presently, only a limited number of hybrid collectors and systems are available. Hybrid solar PV/T has the potential to become a 
major player in the renewable energy sector, but one of the most important barriers is the inexistence of a proven track record in 
terms of reliability and performance. In order to address this issue, an in-depth study was realized to monitor in-field energy 
performances of two solar domestic hot water installations near Lyon (France). The two sites was equipped with an innovative 
unglazed PV-T collector, the DualSun technology.  
With 9m² of DualSun collectors, hot water needs for 4 people were 91% covered from May to September, with an average annual 
coverage of 50%. These results are really similar to classical solar thermal performances. Temperatures in the used panels never 
exceeded 68°C, demonstrating that there is no risk of overheating nor PV encapsulation degradations. The obtained performances 
were as high as expected from the Solar Keymark normative coefficients. 
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1. PV/T characteristics 
A review of PV/T technologies has been done by Zhang [1]. The studied PV/T module is based on the unglazed 
flate-plate liquid design. It has 60 monocrystalline cells for a nominal power of 250Wp. The photovoltaic 
characteristics are given in table 1.1. The thermal characteristics (table 1.2) were determined by tests conducted at 
the TÜV Rheinland following the Solar Keymark certification rules [2]. 
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Table 1. Electrical (1.1: left) and thermal (1.2: right) characteristics 
 
The normative equation to determine thermal performances based on the thermal coefficients is given by: 
. ߟ௧௛ ൌ
௉೟೓
஺௥௘௔ൈீ
ൌ  ߟ଴Ǥ ሺͳ െ ܾ௎Ǥ ݑሻ െ ሺܾଵ ൅ ܾଶǤ ݑሻǤ
்೑೗ೠ೔೏ି்ೌ೘್
ீ
   (1) 
where Pth, G, u are respectively the heat exchange, irradiation and wind speed and Tamb, Tfluid are ambient and fluid 
temperature. The fluid temperature is given by the average of the inlet and outlet temperature (Tin, Tout). 
2. System and monitoring 
Domestic hot water (DHW) systems coupled with PV/T collectors have already been studied by simulation by 
Kalogirou [3] or Axaopoulos [4], but few experimental works have confirmed the expected performances with real 
consumers, as has been done in this study. 
In two consumer homes, the PV/T modules are connected to a solar storage tank with an internal heat exchanger 
and are used to preheat the water.  The tank does not include an auxiliary heat source since a natural gas boiler 
connected in series to this storage heats up the water instantly when needed. In order to monitor the 2 PV/T 
installations, PT1000 temperature sensors (S1 to S6), Resol V40 (consumption side) and Grundfos VFD (production 
side) flowmeters were integrated throughout the hydraulic circuit. Data were recorded every 5mn. A scheme of the 
monitoring system is given in the figure 1. 
 
The electric power of each PV/T module was connected to the grid via Enphase M215 micro-inverters. The 
electrical performances were stored every 15mn on a server through the Enphase Enlighten datalogger. Based on the 
available measured DualSun module PV power output (PPV), the average irradiance was estimated using the 
available PV parameters using   
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  (2)  
TDS is the cells temperature (taken equal to the fluid outlet temperature) and Tref the normative reference 
temperatures (25°C) and ȘM215 the average efficiency of the Enphase M215 micro-inverters (96±1%). 
The weather was not monitored, the data are taken from an online website, which gives the hourly averaged 
values of ambient temperature in Lyon-Bron location. A linear regression has been taken as a hypothesis to 
constitute the data base for ambient temperature with a 5mn time step. 
 
 
 
Heat transfer fluid (HTF) Water/glycol mix 
Absorber surface area  1,58 m² 
Conversion factor (Ș0) 57,8% 
Heat loss coefficient (b1) 12,08 W/K/m² 
Wind dependency of collector efficiency (bU) 0,028 s/m 
Wind dependency of heat loss coefficient (b2) 1,842 W.s/K/m3 
Stagnation temperature (Tstagn) 74,7 °C 
Dimensions 1677×990×40 mm3 
Number of cells 60 
Type of cells Monocrystalline (6 inches) 
Nominal power (Pmpp) 250 Wp 
PV module efficiency (ȘPV) 15,40% (Tolerance : -3%/3%) 
Power loss /°C (ȕp) -0,44% / °C 
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Fig. 1. Simplified hydraulic scheme and monitoring system put in place 
3. Presentation of the 2 field tests 
In order to verify the in-situ reliability and performance for SDHW of the innovative hybrid solar PV/T module, 
two installations were monitored near Lyon in the middle of France (Fig. 2).  
 
 
Fig. 2. Localization of the 2 installations 
 
To give an idea of the local weather, the monthly averages of maximum ambient temperature in the day and of 
maximum irradiation in the day are given in Table 2.  
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Table. 2.: Monthly average of parameters for weather 
MONTHLY 
AVERAGE 
Maximum ambient 
temperature in the day (°C) 
Maximum irradiation in the 
day (W/m²) 
Jan 2015 7,5 304 
Feb 2015 7,0 326 
Mar 2015 13,7 610 
Apr 2015 18,7 705 
May 2014 20,0 798 
June 2014 26,9 926 
July 2014 * 25,5 770 
Aug 2014 24,7 883 
Sept 2014 23,9 793 
Oct 2014 20,7 556 
Nov 2014 13,9 305 
Dec 2014 7,6 181 
Annual 
AVERAGE 17,6°C 598 W/m² 
* July 2014 was a particularly rainy and cloudy month in France  
 
A synthesis of the useful parameter of the installation is given in table 3.  
Table 3. Synthesis about the two installations   
 
 Ambérieu-en-Bugey Genis-les-Ollières 
Number of inhabitants 2 4 
Number of unglazed PV/T 4 6 
Integration type superimposed integrated (BIPV) 
Orientation (0° = South) South-West (50°) South-West (20°) 
Slope 20° 30° 
Tank volume 200L 300L 
Measured annual 
average data 
Cold tap water temperature 15°C 16°C 
DHW temp. after additional heating 43°C 44°C 
Volume of hot water per day 30L/day 70L/day 
 
On average, the cold tap water temperature was 15°C, the domestic hot water temperature after gas additional 
heating  at 43°C and the volume of hot water consumed per day was 15L/person at Ambérieu and 17,5L/person at St 
Genis. Table 4 presents monthly averages for these parameters. 
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Table 4. Monthly average consumption data 
 Ambérieu-en-Bugey Saint Genis-les-Ollières 
 
MONTHLY 
AVERAGE 
S4: Cold tap 
water 
temperature 
(°C) 
S6: DHW 
temperature 
after gas 
additional 
heating  (°C) 
V40 : 
Volume of 
hot water 
per day (L) 
S4: Cold tap 
water 
temperature 
(°C) 
S6: DHW 
temperature 
after gas 
additional 
heating  (°C) 
V40 : 
Volume of 
hot water 
per day (L) 
Jan 2015 10 44 30 10 47 83 
Feb 2015 9 40 27 9 47 83 
Mar 2015 10 42 23 11 42 69 
Apr 2015 13 44 30 14 42 69 
May 2014 15 40 27 17 46 73 
June 2014 17 42 23 20 33 66 
July 2014 19 44 33 21 40 55 
Aug 2014 19 26* 8* 23 37* 34* 
Sept 2014 19 40 21 21 44 60 
Oct 2014 18 42 24 19 46 57 
Nov 2014 15 46 24 15 47 82 
Dec 2014 13 45 39 14 44 68 
Annual 
average 
15°C 43°C 30L/day 16°C 44°C 70L/day 
 
Results show that the maximum temperature of the water in the panels was 67°C and 68°C, demonstrating that 
there is no risk of overheating in the panels (Fig. 3). Maximum temperatures during 6 months are on average above 
40°C which is enough to pre-heat and even completely meet DHW needs of the household, as reflected also in the 
monthly solar fraction (Fig. 4).   
 
 
(a) Ambérieu-en-Bugey (b) Genis-les-Ollières 
 
  
Fig. 3. Maximum temperature in the panels in (a) Ambérieu and (b) Genis 
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(a) Ambérieu-en-Bugey (b) Genis-les-Ollières 
  
 
  
Fig. 4. Solar fraction in (a) Ambérieu and (b) Genis 
4. Determination of equivalent normative coefficient 
We tried to determine which coefficients for a linear regression line could be the most representative in average 
of the results. As we had no wind speed measurement, coefficients were taken independent of the wind speed, and 
the formula (eq. 1) was transformed simplified in the following way: 
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The water temperature output from the module was then estimated using :  
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Where ী is the measured instantaneous flow rate, ȡ the HTF density and Cp the HTF specific heat capacity.  
 
The used HTF ‘Tyfocor LS’ is a 40/60 mix of glycol and demineralized water, the HTF  density and specific heat 
capacity was evaluated depending on temperature : 
 
ߩ ൌ ͳͲͷͲ െ ͲǤ͸͵ͻ͸Ǥ ௙ܶ௟௨௜ௗ (5)
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The thermal power output and the energy generation were then deduced using the recalculated output 
temperature: 
 
௧ܲ௛ ൌ ᒡǤ ܥ௣Ǥ ሺ ௢ܶ௨௧ െ ௜ܶ௡ሻ (7)
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Furthermore, these computed power outputs was then compared to the measured one. Due to fluctuating 
meteorogical and working system, the standard deviation between the average measured power output and 
estimated, was determined for a 5-minute time step (Fig. 5, red line). The lowest value of standard deviation being 
the best statistical fit. A minimisation technic allows getting, the a0 and a1 coefficients yielding to the most accurate 
power output calculation (Table 5). 
 
Finally, using the above-determined power output according to different thermal performance coefficients, the 
energy generation over the studied period was recalculated (Fig. 5, blue line). Concretely, the recalculated power 
kW
h/
m
on
th
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output was multiplied by time in order to estimate the energy generation for different coefficients, and this was 
divided by the actual energy generation determined by the calorimeter. The percentages determined gave an 
indication of the suitability of different a0 and a1 thermal coefficients for the simulation of the DualSun PV/T 
thermal performance. The best-fit coefficients for energy generation simulation could then be compared to the 
results of the output temperature recalculation in order to verify the validity of a certain coefficient combination for 
the characterization of the thermal performance of the DualSun PV/T module (Table 5). 
 
(a) Ambérieu-en-Bugey 
 
 
(b) Genis-les-Ollières (BiPV) 
Fig. 5. Pth standard deviation (red) and Eth relative gap (blue) function of a1 in (a) Ambérieu (a0=55%) and (b) Genis (a0=50%) 
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Table 5. Equivalent and normative coefficients in both locations 
 Ambérieu-en-Bugey Genis-les-Ollières (BiPV) 
Equiv. a0, a1  a0=55%, 15,25 < a1 < 16,5 a0=50%, 10,75 < a1 < 11 
Normative 
coefficients Non insulated : a0 54,5%; a1 15,76 (at 2m/s) Insulated (30mm) : a0 50,7%; a1 11,4 (at 1,5m/s) 
 
Normative equation taken at 2m/s wind speed leads to results close to reality; for BiPV conditions, normative 
measurements should be considered with an insulating material (30mm PE) (Table 5). 
Conclusions 
We demonstrate that hybrid solar PV/T has the potential to become a major player in the renewable energy 
sector. The important barriers of the inexistence of a proven track record in terms of reliability and performance was 
overcome during this study. We monitor in-field energy performances of two solar domestic hot water installations 
near Lyon (France). The two sites was equipped with an innovative unglazed PV-T collector, the DualSun 
technology. The PV/T panels provide a “quasi-autonomy” for hot water needs during 6 months of the year (May – 
October). During the warmer months, the panels never exceed 70 °C, so there is no risk of water overheating. 
Normative equation taken at 2m/s wind speed leads to results close to reality; for BiPV conditions, normative 
measurements should be considered with an insulating material. 
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